Introduction
============

Allogeneic stem cell transplantation (alloSCT) is an effective therapy for many hematologic malignancies, but is still hampered by substantial procedure-related mortality and morbidity. Today, there is growing recognition that endothelial dysfunction is implicated in the pathogenesis of a variety of potentially fatal early and late complications of alloSCT, such as transplant-associated thrombotic microangiopathy, cardiovascular disorders, and graft-*versus*-host disease (GvHD).^[@b1-1051454],[@b2-1051454]^

In particular, therapy refractory GvHD is a substantial determinant of non-relapse mortality (NRM) after alloSCT, and "endothelial vulnerability" was proposed as a hypothesis to explain why some patients with acute GvHD fail to respond to escalating immunosuppressive therapy and ultimately succumb to GvHD and/or treatment related complications.^[@b3-1051454]--[@b6-1051454]^

In male individuals, low serum testosterone has been linked to endothelial dysfunction and all-cause and cardiovascular disease-related mortality in various non-transplant settings.^[@b7-1051454]--[@b9-1051454]^ This is of particular importance as alloSCT is increasingly used in elderly populations characterized by declining sex hormone activity. Notably, with regard to hematologic malignancies, testosterone and androgens have also been used as adjunct in the treatment of acute myeloid leukemia (AML).^[@b10-1051454]--[@b12-1051454]^

Based on these considerations, we sought to evaluate the impact of pre-transplant testosterone levels on outcome in male patients undergoing alloSCT.

Methods
=======

Patients
--------

Patients were eligible for this study if they were allografted for a hematologic malignancy between 2002 and 2017 at the University Hospital Heidelberg, Germany, and had serum samples available for measurement of pre-transplant testosterone levels. Pre-transplant testosterone levels were assessed in all male patients meeting these criteria (discovery cohort, n=346). The independent confirmation cohort consisted of male patients diagnosed with AML who had undergone allografting at the University Hospital Essen between 2009 and 2013 and had serum samples available for measurement of testosterone levels (n=168). In addition, pre-transplant testosterone levels were also measured in a small pilot cohort of female patients allografted for AML in Heidelberg (n=32).

Written informed consent for sample and data collection according to the Declaration of Helsinki was obtained for all patients, and the local ethics committees approved the study. Patient data were obtained from medical records and chart review. Disease status prior to alloSCT was assessed applying published criteria.^[@b13-1051454]^ Further details regarding transplant procedure are provided in the *Online Supplementary Appendix*.

Assessment of pre-transplant testosterone serum levels
------------------------------------------------------

Serum samples were collected between 0 and 2 weeks before alloSCT and cryopreserved at −80°C. Serum levels of total testosterone were assessed retrospectively in the last serum sample before start of the conditioning treatment. The measurements were carried out using accredited laboratory methods. A detailed description of the methodology is provided in the *Online Supplementary Appendix*. Serum concentrations of total testosterone were expressed in ng/dL (for conversion of ng/dL into nM divide by a factor of 28.8). None of the patients had received sex hormone therapy previous to, or at the time of, sample collection.

Statistical analysis
--------------------

Overall survival (OS), progression-free survival (PFS) (time to relapse or death from any cause), time to relapse, and non-relapse mortality (NRM) (time to death in absence of prior relapse) were calculated from the date of alloSCT to the appropriate end point. NRM and recurrence of the underlying malignancy were considered as competing events. Since acute GvHD and its treatment are major contributors to post-transplant mortality, OS, PFS, incidence of NRM and relapse were also assessed after acute GvHD (i.e. in patients who developed acute GvHD, from the date of its onset).

Since the normal physiological range of serum testosterone has not been well defined, pre-transplant testosterone was first analyzed as a continuous variable in the uni- and multivariable models. Cox proportional hazards regression analysis was applied for OS, PFS, and OS and PFS after acute GvHD. Relapse and NRM were analyzed by cause-specific Cox models. Prognostic impact of pre-transplant testosterone on OS, PFS, OS and PFS after acute GvHD was assessed by hazard ratios (HR) and, in case of time to relapse and NRM, by cause-specific hazard ratios (CHR) from corresponding (cause-specific) Cox models. Multivariable (cause-specific) Cox regression models were used to adjust for additional co-variates. All statistical tests were two-sided. For further details on the statistical methods used for analysis see the *Online Supplementary Appendix*.

Results
=======

Discovery cohort
----------------

Patients', disease and transplant characteristics of the male patients of the discovery cohort (n=346) are summarized in *Online Supplementary Table S1*. Median follow up of survivors was 65 months (95%CI: 57-73). Median pre-transplant total testosterone serum level was 400 ng/dL \[interquartile range (IQR) 269-584\].

In univariable analysis, lower pre-transplant testosterone as continuous variable was significantly associated with shorter OS and PFS (HR for a decrease of 100 ng/dL, 1.11, 95%CI: 1.03-1.20, *P*=0.005 and HR 1.12, 95%CI: 1.05-1.20, *P*=0.001, respectively). This was due to a significantly higher risk of both NRM and relapse (CHR 1.15, 95%CI: 1.02-1.28, *P*=0.018 and CHR 1.11, 95%CI: 1.01-1.20, *P*=0.023, respectively). However, in both the "slim" and "full" multivariable models, significant associations of pre-transplant testosterone with any end point could not be confirmed. This was based on a statistically significant interaction between pre-transplant testosterone and the diagnosis AML for the end point NRM (*Online Supplementary Table S2*).

Accordingly, lower levels of pre-transplant testosterone were significantly associated with shorter OS and PFS, and higher hazard of NRM and relapse only in the subgroup of patients allografted for AML (n=176) but not for other diagnoses (n=170) as revealed by the univariable models (*Online Supplementary Table S3*). Patients' and transplant characteristics of AML *versus* non-AML patients are also provided in *Online Supplementary Table S1*. Consequently, further analyses were restricted to male patients with AML, henceforth referred to as the 'training cohort' (n=176).

Pre-transplant testosterone and post-transplant outcome in the training cohort
------------------------------------------------------------------------------

Patients', disease and transplant characteristics of the training cohort are summarized in [Table 1](#t1-1051454){ref-type="table"}. Median pre-transplant total testosterone serum level was 423 ng/dL (IQR 256-611; for distribution, see histogram in *Online Supplementary Figure S1A*) and the estimated median follow up of survivors was 36 months (95%CI: 32-47). The cumulative incidence of acute GvHD grade 3-4 on day +100 post-transplant was 5.1% (95%CI: 1.7-8.4). Pre-transplant testosterone had no impact on the hazard of acute GvHD grade 3-4 (HR 0.92 95%CI: 0.74-1.15, *P*=0.448).

###### 

Patients' disease and transplant characteristics of male acute myeloid leukemia (AML) patients of the training and confirmation cohorts.

![](1051454.tab1)

Since testosterone might also reflect the individual's health and nutritional status prior to alloSCT, pre-transplant testosterone levels were correlated to additional patients' characteristics: body-mass index (BMI), levels of C-reactive protein (CRP), performance status and comorbidities prior to alloSCT. These data were only available for the training cohort and are summarized in *Online Supplementary Table S4*. Pre-transplant testosterone levels were weakly negatively correlated to pre-transplant CRP levels (Spearman's rho: −0.17, P=0.025) and were not correlated to the BMI (Spearman's rho: −0.12, *P*=0.107). However, pre-transplant testosterone levels were lower in obese patients of the training cohort (BMI ≥30 kg/m^2^, *P*=0.028) (*Online Supplementary Figure S2A*). The median pre-transplant testosterone levels were similar between patients with elevated (\>5 mg/L) and non-elevated (≤5 mg/L) CRP levels prior to alloSCT (*P*=0.127) (*Online Supplementary Figure S2B*). There was a trend towards lower pre-transplant testosterone levels in patients with lower Karnofsky performance status (KPS ≤80%), whereas testosterone levels were similar between the low hematopoietic cell transplantation-specific comorbidity index^[@b14-1051454]^ group (HCT-CI 0), intermediate (HCT-CI 1 to 2), and high risk (HCT-CI 3 or more) HCT-CI groups (*Online Supplementary Figure S2C and D*; for further details see the *Online Supplementary Appendix*).

In univariable analysis, lower pre-transplant testosterone was correlated with shorter post-transplant OS and PFS, due to higher hazards of both relapse and NRM. Low pre-transplant testosterone was also associated with non-relapse and overall mortality after onset of acute GvHD. The results of the univariable analyses of the training cohort are given in [Table 2](#t2-1051454){ref-type="table"}.

###### 

Univariable analysis of pre-transplant testosterone in the training (n=176) and in the confirmation (n=168) cohorts.
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In the multivariable models, lower levels of pre-transplant testosterone were significantly associated with worse OS (HR for a decrease of 100 ng/dL, 1.11, *P*=0.045) and PFS (HR 1.11, *P*=0.022) ("full" models). Other factors with a statistically significant impact on OS and PFS were patient age and advanced disease stage ([Table 3](#t3-1051454){ref-type="table"}). Notably, lower pre-transplant testosterone was associated with a higher hazard of NRM (CHR 1.25, *P*=0.013) rather than relapse (CHR 1.06, *P*=0.277) in patients allografted for AML as revealed by the "slim" models ([Table 3](#t3-1051454){ref-type="table"}).

###### 

Multivariable analysis of the training cohort with the end points overall survival (OS), progression-free survival (PFS), non-relapse mortality (NRM), and relapse following allogeneic stem cell transplantation and OS and PFS after onset of acute graft-*versus*-host disease (GvHD) (complete case analysis).
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In contrast to the univariable models ([Table 2](#t2-1051454){ref-type="table"}), no significant association of testosterone with survival after onset of acute GvHD could be observed in multivariable analysis ([Table 3](#t3-1051454){ref-type="table"}). Consequently, and due to the relatively low number of events, no multivariable models were fitted for NRM/relapse following acute GvHD. When pre-transplant testosterone as continuous variable was analyzed in multivariable models including age, CRP, BMI, KPS and comorbidities as co-variates, the associations of lower testosterone with worse OS and shorter PFS remained significant (*Online Supplementary Table S5*).

Finally, pre-transplant testosterone was assessed and evaluated in a small pilot cohort of female patients allografted for AML in the Heidelberg center (n=32) (*Online Supplementary Table S6*). As expected, median pre-transplant total testosterone serum levels were substantially (20-fold) lower than in males. Importantly, no association of testosterone (per decrease of 10 ng/dL) with any end point was observed in the univariable models (*Online Supplementary Table S7*).

Pre-transplant testosterone and post-transplant outcome in the confirmation cohort
----------------------------------------------------------------------------------

Patients', disease and transplant characteristics of the confirmation cohort are summarized in [Table 1](#t1-1051454){ref-type="table"}. As compared to the training cohort, significantly fewer patients were transplanted for late-stage disease and were allografted after myeloablative conditioning ([Table 1](#t1-1051454){ref-type="table"}). In the confirmation cohort, median pre-transplant total testosterone serum level was 469 ng/dL (IQR 309-580) (*Online Supplementary Figure S1B*). The estimated median follow up of survivors was 47 months (95%CI: 39-53). The cumulative incidence of acute GvHD grade 3-4 on day +100 post-transplant was 11.9% (95%CI: 7.0-16.8) and pre-transplant testosterone had no significant impact on risk of acute GvHD grade 3-4 (HR 1.23 95%CI: 0.99-1.54, *P*=0.055).

In univariable analysis, similar to the training cohort, lower pre-transplant testosterone (as continuous variable) showed significant associations with shorter OS, and worse OS and PFS after onset of acute GvHD. In this cohort of AML patients, this was due in both instances to a higher hazard of NRM rather than relapse ([Table 2](#t2-1051454){ref-type="table"}). These findings were further substantiated in the corresponding multivariable models of the confirmation cohort ([Table 4](#t4-1051454){ref-type="table"}).

###### 

Multivariable analysis of the confirmation cohort with the end points overall survival (OS), progression-free survival (PFS), non-relapse mortality (NRM), and relapse following allogeneic stem cell transplantation and OS and PFS after onset of acute graft-*versus*-host disease (GvHD) (complete case analysis).

![](1051454.tab4)

Optimized pre-transplant testosterone cut-off value and illustration of outcome correlations
--------------------------------------------------------------------------------------------

Continuous effects, in general, are less instructive and often hard to interpret, particularly with regard to interventions in a possible future clinical trial setting. Therefore, in order to facilitate further evaluation of pre-transplant testosterone status, an optimal cut-off determination with regard to post-transplant OS was conducted in the training cohort. The analysis revealed multiple cutoff points (*Online Supplementary Figure S3*). The value of 250 ng/dL (corresponding to 8.7 nM, significance level of *P*=0.018) was used as optimal cut-off point, since it agrees with the reports in the literature on testosterone and mortality^[@b15-1051454],[@b16-1051454]^ and exactly reflects the lower level of our center's reference range (250-1000 ng/dL).

When the optimized cut-off of 250 ng/dL was analyzed in multivariable models including age, CRP, BMI, KPS and comorbidities as confounding variables, the associations of lower testosterone status (\<250 ng/dL) with worse OS and shorter PFS remained significant (HR 2.0 for both OS and PFS) in the training cohort (*Online Supplementary Table S8*).

The optimized cut-off of 250 ng/dL was next evaluated in the multivariable models of the confirmation cohort, showing that low pre-transplant testosterone status (\<250 ng/dL) was correlated with worse survival both post transplant (HR approx. 2) and after onset of acute GvHD (HR approx. 2.3) ([Table 5](#t5-1051454){ref-type="table"}). Again, the association of low pre-transplant status with OS after alloSCT was mainly driven by a nearly 2.7-fold increased hazard of NRM ([Table 5](#t5-1051454){ref-type="table"}).

###### 

Multivariable analysis of the confirmation cohort with optimized pre-transplant testosterone cut-off value (complete case analysis).
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For illustration purpose, patients of both cohorts were stratified according to high (≥250 ng/dL) and low (\<250 ng/dL) pre-transplant testosterone status; the corresponding plots for the end points post-transplant and after onset of acute GvHD are given in [Figure 1](#f1-1051454){ref-type="fig"} and [Figure 2](#f2-1051454){ref-type="fig"}, respectively.

![Impact of pre-transplant testosterone status on outcome measures after allogeneic stem cell transplantation (alloSCT) in the training and in the confirmation cohorts. The cut-off point of 250 ng/dL was derived from the Heidelberg training cohort of men allografted for acute myeloid leukemia (AML) (n=176). It was used to stratify patients in low (\<250 ng/dL) and high (≥250 ng/dL) pre-transplant testosterone groups, and then applied to an independent cohort of male AML patients who underwent alloSCT in the Essen center (confirmation cohort, n=168) (see *Online Supplementary Figure S1*). (A and C) Distribution of overall survival (OS) and progression-free survival (PFS) since transplant in the training cohort. (B and D) Distribution of OS and PFS since transplant in the confirmation cohort. (E and G) Incidence curves of non-relapse mortality (NRM) and relapse after alloSCT in the training cohort. (F and H) Incidence curves of NRM and relapse after alloSCT in the confirmation cohort. Curves of patients with low (\<250 ng/dL) and high (≥250 ng/dL) pre-transplant testosterone status are shown in blue and in red, respectively.](1051454.fig1){#f1-1051454}

![Impact of pre-transplant testosterone status on outcome measures after onset of acute graft-*versus*-host disease (GvHD) in the training and in the confirmation cohorts. (A and C) Distribution of overall survival (OS) and progression-free survival (PFS) since onset of acute GvHD in the training cohort. (B and D) Distribution of OS and PFS since onset of acute GvHD in the confirmation cohort. Curves of patients with low (\<250 ng/dL) and high (≥250 ng/dL) pre-transplant testosterone status are shown in blue and in red, respectively.](1051454.fig2){#f2-1051454}

Non-relapse causes of death
---------------------------

To further explore the association of pre-transplant testosterone with NRM, we made a detailed analysis of non-relapse causes of death in both cohorts. In the training cohort, a total of 35 non-relapse deaths occurred. These were caused by severe infections (including sepsis) in 20 (57%), acute GvHD (i.e. lethal complications of acute GvHD and/or its treatment) in 13 (37%), and cardiovascular events in two (6%) patients. In the confirmation cohort, a total of 47 non-relapse deaths occurred. Again, the most common non-relapse cause of death was infection/sepsis in 32 (68%) followed by lethal acute GvHD in nine (19%), and cardiovascular events in six (13%) patients, respectively. Notably, as compared to patients not succumbing to NRM, in both cohorts, serum levels of pre-transplant testosterone tended to be lower in patients who died of lethal complications of acute GvHD ([Figure 3](#f3-1051454){ref-type="fig"}).

![Comparison of pre-transplant testosterone serum levels according to different non-relapse causes of death in the training and in the confirmation cohorts. Non-relapse causes of death were grouped into three categories: severe infection/sepsis, death due to acute graft-*versus*-host disease (GvHD) (i.e. lethal complications of acute GvHD and/or its treatment), and cardiovascular events. In both the training (A) and the confirmation (B) cohorts, as compared to patients not succumbing to non-relapse mortality (NRM), serum levels of pre-transplant testosterone tended to be lower in patients who died of lethal complications of acute GvHD. Box plots are depicted. Number of patients/events for each group is indicated. *P*-values by Mann-Whitney U test.](1051454.fig3){#f3-1051454}

Correlation of pre-transplant testosterone with pre-transplant serum levels of suppressor of tumori-genicity-2
--------------------------------------------------------------------------------------------------------------

When both cohorts were combined, pre-transplant serum levels of soluble suppressor of tumorigenicity-2 (ST2) were available for a total of 218 patients. Pre-transplant testosterone levels were weakly negatively correlated to pre-transplant soluble ST2 levels (Spearman's rho: - 0.13, *P*=0.048). However, when regarding the pre-transplant testosterone cut-off value of 250 ng/dL, median pre-transplant ST2 was significantly higher in patients with low pre-transplant testosterone status (\<250 ng/dL) as compared to patients of the high (≥250 ng/dL) pre-transplant testosterone group (573 pg/mL, IQR 255-2082 *vs*. 350 pg/mL, IQR 212-587, *P*=0.005, respectively) (*Online Supplementary Figure S4*).

Discussion
==========

The present study is, to the best of our knowledge, the first to evaluate testosterone status in the context of outcome and mortality after alloSCT. So far, studies in the alloSCT setting have focused on the impact of chronic GvHD and its treatment on the androgen status,^[@b17-1051454]^ or have investigated the relationship between sex hormone levels and overall gonadal function, mainly in the context of late complications after alloSCT.^[@b18-1051454],[@b19-1051454]^ Evaluation of testosterone status in the context of outcome and mortality after alloSCT, therefore, appears to meet an unmet need, given that sex hormones are involved in the regulation of a wide range of physiological processes that affect metabolism, tissue and cardiovascular homeostasis, inflammatory and immune responses,^[@b20-1051454]^ and thus may interfere with alloSCT outcome.

In our study, impact of pre-transplant testosterone on outcome was observed only in the subgroup of male patients allografted for AML. Lower levels of pre-transplant testosterone were associated with worse OS and PFS post-transplant, largely due to a significantly increased risk of NRM. The reason for this disease-specific association is unclear.

In general, testicular damage and dysfunction, which result in low testosterone status, appear to be rather long-term sequelae of cytotoxic chemotherapy, and the clinically most significant toxicities are observed after regimens employing higher doses of alkylating agents.^[@b21-1051454]^ In contrast, adult AML patients considered eligible for alloSCT are usually treated by combination therapy employing anthracyclines and antimetabolites in both first-line and salvage treatment approaches. As patients in advanced disease stage are likely to have received more aggressive therapy prior to transplant and to account for the more deleterious effect of treatment intensity, we have considered disease stage prior to alloSCT as confounding variable in all multivariable models. In both cohorts, the associations of pre-transplant testosterone with worse outcome were not confounded by disease stage prior to transplant.

One possible explanation for the observed disease-specific association may be related to the immunoregulatory cytokine network in human AML, including leukemia cell-derived angiopoietins and the interleukin-33/ST2 axis, and the likely cross-talk between leukemic and endothelial cells.^[@b22-1051454]--[@b26-1051454]^ Notably, soluble ST2 and angiopoietin-2 were known to be associated with endothelial dysfunction and cardiovascular risk,^[@b27-1051454],[@b28-1051454]^ and in the context of alloSCT, both were highly correlated with therapy-refractoriness of acute GvHD and high overall mortality.^[@b3-1051454],[@b29-1051454]^ Given the inverse correlation of pre-transplant serum levels of testosterone with soluble ST2 observed in our patients, some speculation about endothelial involvement in the present study may appear justified.

Analysis of non-relapse causes of death revealed that pre-transplant testosterone levels tended to be lower in patients that later succumbed to acute GvHD and/or its treatment, and lower pre-transplant testosterone levels were also associated with shorter survival after onset of GvHD. In this regard, our findings fit into the concept of "endothelial vulnerability".^[@b3-1051454],[@b4-1051454]^ In the setting of alloSCT, this concept describes a condition/predisposition that manifests itself particularly after a severe challenge, such as conditioning therapy or GvHD. Since this "vulnerability" is, at least in part, a characteristic of the recipient's endothelial cell system, a corresponding increased risk of mortality may already be identified prior to transplantation by assessing endothelial biomarkers. Accordingly, low(er) pre-transplant testosterone, which represents a known determinant of endothelial dysfunction in men,^[@b7-1051454]^ may therefore promote and/or enhance this "vulnerability", resulting in the observed increase in treatment-related mortality.

However, it should be noted that our study design is not able to definitely support (or refute) the hypothesis of endothelial involvement. Although the associations of lower pre-transplant testosterone levels with worse outcome in the training cohort continued to hold true when additional confounding variables that reflect comorbidities and the patients' nutritional and overall status were included in the multivariable models, the possibility that lower pre-transplant testosterone is primarily an expression of patients' general health status prior to alloSCT cannot be ruled out.

Currently, there is an ongoing "testosterone debate" in the field of cardiovascular medicine. Although the association between testosterone levels and cardiovascular mortality seems to be conclusive, prospective data on testosterone treatment are scarce, and so far no prospective controlled study has been able to show that treatment with testosterone or normalization of testosterone levels can reduce cardiovascular events.^[@b30-1051454]^ On the contrary, results of a recently published prospective controlled study, which is one of seven co-ordinated National Institutes of Health (NIH)-supported trials of testosterone treatment in elderly men ("T Trials"),^[@b31-1051454]^ indicate that testosterone may even increase cardiovascular risk, as reflected by increasing coronary artery plaque volume following testosterone treatment.^[@b32-1051454]^ Thus, although of potential clinical value, any long-term health benefits of testosterone supplementation remain to be established.

As regards myeloid malignancies, testosterone among other sex steroids has been shown to exert cytostatic and cytotoxic effects on several myeloid leukemia cell lines *in vitro*.^[@b33-1051454]^ However, although an early pilot study on AML patients using androgens as an adjunct in different first-line and maintenance treatment approaches showed an unexpectedly high rate of long-term survivors in a group of patients who achieved complete remission,^[@b10-1051454]^ larger randomized studies failed to show beneficial effects on overall and disease-free survival.^[@b11-1051454]^ Only recently, a prospective controlled trial in elderly patients with AML suggested that maintenance therapy with low-dose oral norethandrolone, a synthetic androgen with similar anabolic activity to testosterone, significantly improves overall, disease- and event-free survival,^[@b12-1051454]^ and this has renewed interest in this treatment approach. However, in this study, the beneficial effects of androgen maintenance therapy were observed only in patients with low disease burden at diagnosis and only in the absence of relapse during the first year of treatment.^[@b12-1051454]^ This might imply that androgen treatment has had some impact on disease-independent mortality. Interestingly, in the aforementioned trial, female patients were also treated, and the multivariable models revealed no impact of gender on survival. In our cohorts of male patients allografted for AML, pre-transplant testosterone did not correlate with post-transplant relapse risk, suggesting an only limited, if any, impact on disease control. Conversely, and similar to the androgen maintenance trial,^[@b12-1051454]^ in our patients, the associations of testosterone with post-transplant survival were largely driven by increased NRM.

Besides its retrospective nature, several potential limitations of our study need to be addressed. First, and as already stated above, we cannot definitely exclude the possibility that testosterone solely reflects the individual's health and nutritional status prior to alloSCT, and thus unknown confounders cannot be ruled out. Second, due to its observational character, our study does not provide evidence for causality between testosterone and post-transplant outcome, and therefore our results here need to be interpreted with caution. Further, measurements of total testosterone levels were based on a single serum sample. However, it should be noted that single-point measurements of total testosterone and androgens were demonstrated to be a reliable indication of the long-term hormonal status of men.^[@b34-1051454]^ Certainly, further prospective, and preferably interventional, studies are needed to confirm our findings.

As regards intervention, the "optimal" cut-off value for definition of "low testosterone" needs to be discussed. Most studies on cardiovascular health and cardiovascular risk assessment applied values between 100-350 ng/dL (corresponding to 3.5-12.1 nM), as indicated by a recent systematic review.^[@b35-1051454]^ In the prospective "T trials", testosterone levels \<275 ng/dL (approx. 9.5 nM) were used as indications for intervention.^[@b31-1051454]^ However, men undergoing alloSCT represent a distinct patient cohort. And although the available evidence indicates that testosterone replacement therapy is largely considered to be safe in most men, some controversies remain, and the inherent risk of adverse effects, particularly in selected high-risk populations, should not be ignored.^[@b36-1051454]^ In our study, median pre-transplant testosterone levels in all male cohorts were above the aforementioned range. It should further be noted that, since data on clinical signs of hypogonadism cannot be ascertained retrospectively, patients of the low pre-transplant testosterone group (\<250 ng/dL) in our study may not necessary be androgen deficient. In the present study, an optimized cut-off point of 250 ng/dL was derived and was shown to be associated with a 2-fold risk of death post transplant and after onset of acute GvHD in men allografted for AML. This cut-off value of 250 ng/dL is consistent with one definition of "low testosterone"^[@b35-1051454]^ and was shown to be associated with mortality also in non-transplant settings,^[@b15-1051454],[@b16-1051454]^ and may thus be applied in a pilot clinical trial. Certainly, any future prospective study should also assess clinical signs of androgen deficiency, including additional biochemical testing.

In summary, our study suggests that pre-transplant testosterone has an impact on NRM and thus may be a determinant of outcome in male patients allografted for AML. Considering recent successful post-remission androgen maintenance treatment approaches in AML,^[@b12-1051454]^ and the fact that an individual's testosterone status is modifiable, our results may provide a rationale for the design of inter-ventional clinical studies evaluating testosterone/androgen status and supplementation in patients undergoing alloSCT.
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